We assessed the efficacy of frozen-thawed gelatin-induced osteogenic cell sheet (FT-GCS) compared to that of fresh gelatin-induced osteogenic cell sheet (F-GCS) with adiposederived mesenchymal stromal cells (Ad-MSCs) used as the control. The bone differentiation capacity of GCS has already been studied. On that basis, the experiment was conducted to determine ease of use of GCS in the clinic. In vitro evaluation of F-GCS showed 3-4 layers with an abundant extracellular matrix (ECM) formation; however, cryopreservation resulted in a reduction of FT-GCS layers to 2-3 layers. Cellular viabilities of F-GCS and FT-GCS did not vary significantly. Moreover, there was no significant difference in mRNA expressions of Runx2, β-catenin, OPN, and BMP-7 between F-GCS and FT-GCS. In an in vivo experiment, both legs of six dogs with transverse radial fractures were randomly assigned to one of three groups: F-GCS, FT-GCS, or control. Fracture sites were wrapped with the respective cell sheets and fixed with 2.7 mm locking plates and six screws. At 8 weeks after the operations, bone samples were collected and subjected to micro computed tomography and histopathological examination. External volumes of callus as a portion of the total bone volume in control, F-GCS, and FT-GCS groups were 49.6%, 45.3%, and 41.9%, respectively. The histopathological assessment showed that both F-GCS and FT-GCS groups exhibited significantly (p < 0.05) well-organized, mature bone with peripheral cartilage at the fracture site compared to that of the control group. Based on our results, we infer that the cryopreservation process did not significantly affect the osteogenic ability of gelatin-induced cell sheets.
INTRODUCTION
Mesenchymal stem cells can differentiate in osteocytes, adipocytes, and neurons. Therefore, they are a good source of regenerative medicine [1, 2] . Injected mesenchymal stem cells can migrate to various tissues owing to their homing capacity [3] . Nevertheless, shape, size, and position of the injected stem cells are difficult to control. Recently, sheets of stem cells have been developed to enhance cellular viability and to enhance local effects of transplanted stem cells [4] . Other in vitro studies have shown that osteogenic-differentiated stem cell sheet (OCSs) have osteogenic potential [5] [6] [7] [8] [9] . Additionally, in vivo application of OCSs promotes bone repair [10] [11] [12] [13] . Previously, we have shown that gelatin-induced osteogenic cells sheets (GCSs) have improved cellular proliferation, an ample amount of extracellular matrix production, and significant upregulation of osteogenic markers compared to those of OCSs [14] . However, the in vivo effects of fresh and frozen-thawed gelatin-induced osteogenic cell sheets (F-GCSs and FT-GCSs, respectively) remain unclear.
Other studies have illustrated that the continuous culture of stem cells results in chromosomal aberrations and spontaneous malignant transformations [15, 16] . Therefore, cryopreservation of stem cells is deemed inevitable. Moreover, at present, cryopreserved stem cells or sheets are more readily available than freshly cultured stem cells [17, 18] . However, cryopreservation has its limitations as it already has been reported that cryopreservation of stem cells decreases the cells' viability, differentiation capacity, and reduces their homing ability, bio-distribution properties, and fibronectin connection capacity [19, 20] . Contrary to the application of stem cells, stem cell sheets can be applied regionally to provide an improved localized effect [10, 11, 13] . Also, frozen-thawed OCSs can maintain their osteogenic potential and produce a highly mineralized matrix in bone defective sites [21] .
Previously, we reported that GCSs are significantly better than OCSs in terms of cell proliferation, extracellular matrix (ECM) formation, and upregulation of bone markers [14] . For the present study, we hypothesized that cryopreservation not only reduces cell sheet preparation time but also do not affect the osteogenic potential of GCSs. Thus, we compared the efficacy of FT-GCSs to that of F-GCSs. In addition, we evaluated the in vivo bone healing capacity of both F-GCSs and FT-GCSs in a canine model.
MATERIALS AND METHODS

Isolation and culture of canine Ad-MSCs
All experiments were approved by the Institute of Animal Care and Use Committee of Seoul National University (SNU-170203-2), South Korea. In addition, all experiments were carried out in accordance with the National Institute of Health guide for the care and use of Laboratory Animals (NIH Publication No. 8023, revised 1987).
Adipose-derived mesenchymal stromal cells (Ad-MSCs) were isolated as reported previously [22] . Briefly, Ad-MSCs were isolated aseptically from gluteal adipose tissue of 2-year-old male beagle dogs. Harvested adipose tissues were washed with Dulbecco's phosphate-buffered saline (DPBS; Gibco; Fisher Scientific USA) and immersed in 1 mg/mL collagenase type I (Sigma-Aldrich, USA) at 37°C for 2 h. After treatment, the samples were washed with DPBS followed by centrifuging at 4°C and 980 × g for 10 min. The pellets of the stromal vascular fraction were resuspended, filtered through 100 μm nylon mesh, then incubated overnight in low-glucose Dulbecco's modified Eagle's medium (DMEM; HyClone, USA) supplemented with 10% fetal bovine serum (FBS; Gibco BRL; Fisher Scientific) and penicillin and streptomycin (PS, 10,000 U/mL, Gibco; Fisher Scientific) at 37°C in a humidified atmosphere containing 5% CO 2 . After 24 h, the samples were washed with PBS to remove residual red blood and unattached cells. The medium was changed every 2 days, and the cells were sub-cultured to 90% confluence. Ad-MSCs at the third passage were used for subsequent experiments.
Preparation of fresh gelatin-induced osteogenic cells sheets (F-GCS)
F-GCSs were prepared in accordance with the method reported by Kim et al. [14] . Briefly, Ad-MSCs (5 × 10 5 cells) in the 3rd passage were seeded in 100 mm dishes or to 6-well plates per experimental requirements. Ad-MSCs were cultured in basal medium, low-glucose DMEM with 10% FBS (Gibco BRL; Fisher Scientific) and 1% penicillin and streptomycin (PS, 10,000 U/mL, Gibco; Fisher Scientific). When the seeded cells reached 60%-70% confluence, the basal medium was replaced with high-glucose DMEM with 10% FBS, 1% PS, 15 μg/mL L-ascorbic acid 2-phosphate (Sigma-Aldrich, USA), 10 mM β-glycerophosphate (Sigma-Aldrich), 0.1 μM dexamethasone (Sigma-Aldrich) and 0.02 g/mL gelatin powder (Sigma-Aldrich). The gelatin-containing differentiation medium was changed after every two days. The GCSs were harvested on the 10th day of differentiation.
Cryopreservation of GCS (FT-GCS)
Frozen-thawed GCSs (FT-GCSs) were prepared using 3rd passage GCSs and the previously described slow-freezing method [21] . After 10 days of differentiation in gelatin-containing differentiation medium, cell sheets were collected with the help of a cell scraper and transferred to 2 mL cryovials (cryogenic vial; BD Falcon). Each cryovial contained 500 μL FBS, 400 μL low-glucose DMEM, and 100 μL of DMSO. Cryovials containing GCSs were cryopreserved in a freezing container (NALGENE Cryo 1°C Freezing Container; Sigma-Aldrich, USA). Container temperature was slowly decreased (1°C/min) from 4°C to −180°C. After 24 h, the samples were moved to a tank of liquid nitrogen. One week later, FT-GCSs were thawed in a water bath at 37°C. The thawed FT-GCSs were washed twice with DPBS and then used for further experimentation.
Assessment of cellular viability
Cellular viability and cell proliferation rate were calculated using a method based on assessing tetrazolium reductase activity; for that purpose, Cell counting Kit-8 was used (WST-8; Dojindo, Japan) [23, 24] . We evaluated cellular viability before and after cryopreservation of the GSCs. Cell sheet samples were cultured in 1 mL of basal gelatin culture media to which 100 μL of WST-8 solution were added. The samples were then incubated for 2 h and absorbance of the samples was measured at 450 nm. A linear relationship (r 2 = 0.998) between the absorbance measured and the number of diluted cells was confirmed. To determine the proliferation rate of F-GCSs and FT-GCSs, sample absorbance was measured on 0 h, 24 h, and 48 h after thawing.
Histological examination of GCS
Initially, GCSs were detached from the plates. Fixation of GCSs was carried out by using 4% paraformaldehyde and the fixed cell sheets were embedded in paraffin. Subsequently, sections (5 μm thick) were prepared and stained with hematoxylin and eosin (H&E; Sigma-Aldrich) for histological examination.
Real-time polymerase chain reaction
Isolation of mRNA was carried out by using a Hybrid-R RNA Extraction Kit (GeneAll, Korea). Complementary DNA was prepared by using a PrimeScript II First-strand cDNA Synthesis kit (Takara, Japan). An ABI Prism 7000 Sequence Detection System (Applied Biosystems, USA) was used to amplify the desired DNA. Green Mix (Enzo Life Science, USA) was used to detect gene expressions. Normalization was done with the help of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and was quantified by using the ΔΔCt method [25].
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All data were compared with that of fresh Ad-MSCs, which were used as the control. The primer sequences of target genes, runt-related transcription factor 2 (Runx2), β-catenin, osteopontin (OPN), Bone morphogenetic protein 7 (BMP-7), and housekeeping gene GAPDH are shown in Table 1 .
Capacity of mineralization
Mineralization of F-GCSs and FT-GCSs was measured on days 0, 5, and 11 of culture in gelatin-based basal media. Cell sheets were harvested and washed twice with DPBS before further processing. Afterward, cell sheets were fixed in 70% ethanol for 1 h at 25°C, followed by washing with distilled water, staining with 2% Alizarin red stain (ARS; pH 4.2), and incubation for 20 min with shaking. After aspiration of the dye, samples were washed thoroughly with distilled water, after which, 1 mL of 10 mM (10%) cetylpyridinium chloride was added and the plates incubated for 60 min with shaking. Finally, 200 μL aliquots of the sample solution were transferred to a 96-well plate to read absorbance at 550 nm [26].
In vivo experiment
Fracture induction and cell sheet application
Six male beagle dogs, 2-3 years of age with a body weight of 8.0 ± 0.5 kg, were used in the in vivo study. Pre-medication of the animals was done by applying 30 mg/kg of cefazolin (Chong Kun Dang Pharmaceutical, Korea), 0.5 mg/kg famotidine (Dong-A ST, Korea), and 4 mg/kg tramadol (Samsung Pharmaceutical, Korea) before manipulation. Alfaxalone (Jurox Pty. Limited, Australia; 3 mg/kg) was used for pre-anesthetization, and intubation was carried out with an endotracheal tube. Anesthesia was maintained with isoflurane (Choongwae Pharmaceutical, Korea).
The radius bone of both right and left legs were subjected to induction of transverse fracture at the middle of the bone with an oscillation saw. The fractures were then fixed by applying a 7-hole 2.7 mm locking plate with six locking screws (BS. COREM Co., Korea). The 12 limbs of the six study dogs were randomly assigned to three groups (n = 4 per group): F-GCSs group, FT-GCSs group, and no treatment group (control). Three layers of respective cell sheets were applied to each limb to wrap the fracture site. Post-operative care of the dogs was carried out for seven days. All radius bones were harvested at 8 weeks after surgery for further analysis.
Radiographic and micro computed tomography examination
Radiographic examination was carried out before the operation and every week after the operation for 8 weeks. Afterward, dogs were euthanized and radius bones were harvested. The bones were then fixed with 10% neutral buffered formalin (Sigma-Aldrich, USA). The prepared bones were scanned using a micro Frozen-thawed gelatin-induced osteogenic cell sheets present at a threshold of 60-255. CTAN software (Brucker micro-CT, version 1.14.4.1; Bruker) was used to quantify bone volume and external callus amount. Using 200 layers, volume measurements were taken at 3.5 mm above and below the fracture area.
Histopathological and histomorphometric analysis
Harvested bones, at 8th week after surgery, were subjected for decalcification in 8% nitric acid and then embedded in paraffin for sectioning. Longitudinal sections were cut along a sagittal plane. Sections (4 µm thick) were used for H&E staining while 5 µm thick sections were used for Masson's trichrome staining. Stained samples were analyzed for cartilage and bone tissue formation at the fracture site. Analysis was carried out with the help of Image J (Version 1.37, National Institutes of Health, USA).
Statistical analysis
Data are presented as mean ± standard deviation values. The IBM software SPSS Statistics 23 (SPSS Inc., USA) was used for the data analysis. Difference between groups was analyzed by applying the Kruskal-Wallis test. The Mann-Whitney U test was used as a post-hoc test. A p value of less than 0.05 was considered as indicative of a significant difference. In vitro experiments were repeated thrice.
RESULTS
Viability, histology, and proliferation of cell sheets
Number of viable cells of sheets before (F-GCSs) and after cryopreservation (FT-GCSs) were 148,130 ± 20,880 (n = 16) and 113,670 ± 34,500 (n = 15), respectively (Fig. 1A) . There was no significant difference in number of viable cells before (F-GCSs) and after (FT-GCSs) cryopreservation. However, histological examination showed that F-GCSs were 3 to 4 layers thick while the thickness of the FT-GCSs was less, 2 to 3 layers (Fig. 1B) . After cryopreservation, re-culturing of FT-GCSs resulted in the reduction of cellular proliferation, whereas an increasing trend was observed in F-GCSs proliferation (Fig. 1C) . However, the decrease in the proliferation rate of re-culturing FT-GCSs, from 0 h to 48 h, was not significant (Fig. 1C) .
Upregulation of osteogenic markers
Compared to the expression levels in Ad-MSCs, the F-GCSs and FT-GCSs both showed significant (p < 0.05) upregulation of Runx2, β-catenin, OPN, and BMP-7. However, there was no significant (p > 0.05) difference in the expressions of osteogenic genes between F-GCSs and FT-GCSs ( Fig. 2A-D) .
Degree of mineralization
Mineralization analysis showed that even after cryopreservation the FT-GCSs exhibited a significant increase in their mineralization capacity. The absorbance of ARS by F-GCSs and FT-GCSs was significantly (p < 0.05) higher on days 5 and 11 than on day 0 ( Fig. 3B ).
Radiographic and micro-CT imaging
Radiographic examination showed that implants retained their position for the entire 8 weeks after surgery ( Fig. 4A-I) . Groups showed no significant difference in healing at 1-week after surgery (Fig. 4A, D, and G) . After 4 weeks of healing, all groups showed the formation of external calluses (Fig. 4B, E, and H) , which increased in size after 8 weeks of healing ( Fig. 4C, F, and I) . 
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Formation of large bony calluses occurred in all groups (Fig. 4a-c) . Percentages of external callus volume out of the total bone volume for the control, F-GCSs, and FT-GCSs groups were 49.6% ± 1.05, 45.3% ± 4.08, and 41.9% ± 3.50, respectively. There was no significant difference in callus size among the groups (Fig. 4d) . The percentages of connectivity of cortices in each group were 21% in control, 81% in F-GCSs, and 80% in FT-GCSs (p > 0.05, Fig. 4e ).
Histopathology of the fracture area
Histopathological analysis of harvested bones that were treated with F-GCSs and FT-GCSs revealed the presence of organized and mature bone with less peripheral cartilage on the fracture sites at 8 weeks after surgery ( Fig. 5D-I) . However, there was formation of cartilage with little ossification at the fracture site in the control group limbs ( Fig. 5A-C) .
Bone histomorphometric analysis of the groups treated with F-GCSs and FT-GCSs revealed significantly (p < 0.05) greater presences of mature bone compared to that in the control group (Fig. 5K) . Moreover, the percentage of cartilage formation in the control group was significantly (p < 0.05) higher than those in the F-GCSs and FT-GCSs groups (Fig. 5J) 
DISCUSSION
Currently, performing bone reconstruction with tissue-engineered bone or an osteogenic cell sheet (OCS) is a lengthy procedure, which involves cell isolation, seeding, culturing, differentiation, and scaffold construction [10, 27] . Therefore, bone fracture surgeries must be planned to coincide with cell preparation time. Hence, protocols for cell sheet or scaffold preparation may not be convenient for clinical therapies. Clinically, there is a need for a method which can reduce cell preparation time and increase the osteogenic potential of cells. Previously, we reported that the use of F-GCSs was significantly better in terms of proliferation, ECM production, and osteogenic bone marker production than those of OCSs [14], However, F-GCSs also need preparation before administration, which can delay treatment of a bone fracture. Consequently, FT-GCSs was a suggested solution to that problem, as it showed good potential for mineralization and mature bone production. In addition, the immediate application of thawed FT-GCSs made its use more desirable and convenient than the use of F-GCSs or fresh-OCSs when supporting the healing of fractured bones.
This study revealed that FT-GCSs maintain the structural integrity of F-GCSs, and FT-GCSs produce extensive mineralization even after thawing. Although the number of viable cells and the thickness of the layers were lower in the FT-GCSs group than in the F-GCSs group, the differences were not significant. Thawing resulted in a decrease of cellular viability of FT-GCSs (i.e., 76% viability compared to that of F-GCSs), which is comparable to the decrease in viability of cryopreserved OCSs (i.e., 70% viability compared to fresh-OCSs), as previously reported [21] . In this study, cryopreservation was carried out for only a short period (one week); further experiments are required to evaluate the effects of longer term cryopreservation.
Previously, it was reported that F-GCSs showed significantly higher cell proliferation rate compared to that of fresh-OCS, a difference that may be due to the activation of Wnt [14] .
In contrast, in the present study, FT-GCSs showed a downward trend in proliferation.
Our results indicate that cryopreservation may have a down-regulatory effect on the Wnt pathway. Activation of such pathways promotes the proliferation and differentiation MSCs [28, 29] . However, β-catenin expression of GCSs, reported to be an important factor within the canonical Wnt/β-catenin pathway [30,31], did not differ significantly before and after cryopreservation. Moreover, there was no significant decrease in differentiation potential of FT-GCSs, indicating that some other pathway was involved in decreasing the proliferation of FT-GCSs. Further experiments are required in order to explain the proliferation decrease. These results were also supported by our real-time PCR results, which showed that expression levels of Runx2, OPN, and BMP-7 of FT-GCSs remained almost equal to those of F-GCSs. Runx2 is an important indicator of early osteogenic differentiation, while OPN and BMP-7 are produced from mature osteoblasts in later stages of osteogenesis [35, 36] . Therefore, the results indicate GCSs differentiate into mature osteoblasts, and neither freezing-thawing nor DMSO has a significant negative effect on the osteogenic differentiation capacity of GCSs. Alizarin red stain (ARS) results showed that mineralization of FT-GCSs was significantly increased in the 5th and 11th day as compared to that on the 0th day of reculturing, suggesting that the osteogenic differentiation process, which was suspended as a result of cryopreservation, proceed continuously after thawing.
Various studies have reported the formation of a callus at the fracture site, even in the presence of strict fixation [10, 37, 38] . In this study, callus formation was observed in the control, F-GCSs, and FT-GCSs groups. This could be the result of secondary healing of the bones. Micro-motions and periosteal reaction could also have an effect on callus formation in all groups. Regardless, the F-GCSs and FT-GCSs groups had better healing capacities than the control group. Despite the same nature of fixation as that applied in the control group, there was a more formation of mature bone in F-GCSs and FT-GCSs groups. In addition, 9/13 https://vetsci.org https://doi.org/10.4142/jvs.2019.20.e63 there was no significant difference in BMP-7 expression between FT-GCSs and F-GCSs, which might be involved in the high level of mature bone production, less connective tissue formation, and fast healing time of fractures in the F-GCSs and FT-GCSs groups [36, 39] .
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Injected stem cells can resettle to a specific tissue owing to their homing characteristics [3] However, cryopreservation has been reported to have a negative effect on homing characteristics of stem cells [19], reducing the homing ability of stem cells. However, cell sheets can be used in a localized area, therefore, cell sheets can be used more efficiently than stem cells [21] . Moreover, gelatin contains an arginine-glycine-aspartic acid (RGD) sequence, which promotes cells stability with ECM [40] and cell adhesion through integrin [41, 42] .
It is concluded that freezing and thawing did not affect the osteogenic ability of GCSs. Moreover, FT-GCSs can be utilized immediately after thawing with the same effects as those produced by F-GCSs.
Therefore, compared to F-GCSs, the use of FT-GCSs for fracture healing is more convenient. 
